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1 Introduction 
This thesis concentrates on electrostatic generators (ESG) power output measure-
ments, how to improve it with dielectric material, and on investigating Rotating-Disc 
High Voltage Generator (RDHVG).  
 
Voltage measurements are performed with a new alternative voltmeter. The basic prin-
ciple is that the charge affects voltmeter’s weight machine, and from the weight values 
it is possible to calculate the effecting force, and thus, also voltage output. In order to 
find the power output value, current output has to be calculated first. The current out-
put measurement is not that complicated when compared to voltage output measure-
ment. It is necessary to know the voltage first, to calculate the current output. The Van 
de Graaff (VDG) generator was employed for both voltage and current measurements, 
due to simplicity and safety of operation.  
 
In order to improve power output, the effects of various dielectric materials were in-
vestigated. The dielectric generator was used to investigate dielectric material’s behav-
iour for different rotation speeds, with variable high voltage (HV) inputs. The dielectric 
material’s relative permittivity experiments were conducted with self-made capacitors. 
There are many dielectric materials worth trying, unfortunately, some of them are too 
expensive or are presented in other fundamental states (gas, spray or liquid), which 
makes it much harder to work with.  
 
RDHVG was investigated, because it could be suitable generator for producing electri-
cal energy in alternative wind turbine project. RDHVG’s activities were investigated 
with different couplings, rotating speeds and variable HV inputs.   
 
The thesis is based at HAN University of Applied Sciences as part of a project named 
SkyWindTurbine (SWT). SWT is a school project, which is trying to develop a hovering 
wind turbine. The SWT will use ESG to produce electrical energy, simply because gen-
erators with permanent magnets are too heavy for hovering in the air. It will hover 
between 300-1000m above the ocean surface, given that the winds are stronger at 
that height. That makes for more energy production than wind turbines right on the 
surface. The SWT can lower offshore leverage energy costs. Without government sup-
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port, offshore wind farms are not economically viable. This thesis does not concentrate 
on actually designing the SWT generator. The main research question is: “how to 
measure power output from the ESG?” and the sub research questions are: ”how to 
improve the power output using dielectric material and how do RDHVG operates?”  
 
Academic articles and the web are the main sources of information about electrostatic 
and ESG. Some of the articles are old, at least a few decades. However, good infor-
mation can be found: the theory does not seem to change over the past decades. The-
sis was made in the Netherlands, so there was information available in foreign lan-
guages, which requires further concentration to comprehend. The presented equations 
are found easily in the books or on the web. Research into different experiments and 
conversations with professors from various backgrounds are the applied methods to 
address the thesis research questions. 
 
The choice of this subject is relevant because renewable energy sources and especially 
wind energy are, somewhat, familiar to me. In 2012, as an exchange student in HAN 
University of Applied Sciences, I concluded the minor “Wind Energy Project Manage-
ment”. This thesis can, hopefully, help some future project to develop a hovering wind 
turbine.  
 
The thesis begins with the background information about ESG, wind turbines and the 
project itself. It goes on explaining the performed experiments, following with the re-
sults and calculations. Lastly, it presents the conclusion and results. In the theory and 
description chapter pictures of the devices and circuit diagrams are presented. Most of 
the results are found in Appendices. In the results chapter, detailed calculations and 
tables are found. The fifth chapter presents a discussion over experiment results and 
the sixth chapter is a summary. 
 
SWT is a hovering wind turbine, which generates electrical energy in high altitudes. 
Winds are always stronger and more stable in 1000m heights when compared to sur-
face height and this gives better electrical energy output, then regular offshore wind 
turbines generates. Wind speed is related to electrical energy output, because power 
output increase approximately eight times when wind speed doubles. [1] 
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 ! ! !! ! !! ! ! ! ! ! !!!              
 
explanation for formula: !!= power coefficient  
P= electrical energy power != air density  
S= turbines swept area 
v= wind speed 
 
The crucial factor for keeping SWT hovering in heights is the total weight of the SWT. 
Generators with permanent magnets are too heavy for operating like a SWT. ESG’s 
advantage is that no heavy magnets or gearboxes are needed, but it has not got that 
good energy efficiency as regular generator. SWT is a darrieus type of wind turbine 
and when its blades are rotating it generates electrical energy with electrostatic princi-
ple. SWT can be remote controlled and monitored by distance. SWT or SWT’s are con-
nected with HV- cable to a floating “substation” and from there it is connected further 
to shore. Benefits compared to regular wind turbines are lower investments, easier 
maintenance and no visual contact. [2] 
2 Background Information about Wind Turbines and Electrostatic 
Generators  
2.1 History of Wind Turbines  
 
Wind energy has existed more then a millennium. First windmills were founded in Chi-
na around 200 B.C. where windmills were used to lift water at the same time persians 
used windmills to grind grain. Legendary four bladed Dutch windmills were produced in 
the year 1500. Dutch windmills were used to drain water from areas such as Rhine 
River. [3] 
 
The world’s first wind turbine for charging batteries was constructed by James Blyth in 
1887. Later the same year, an American inventor Charles F. Brush constructed 12kW 
wind turbine in Ohio.  
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In mid 70’s NASA started to develop modern wind turbines due the high oil prices. 
NASA made many breakthroughs with wind turbine development and some of the in-
vented technology is still in use today. There were plenty of multi megawatts experi-
mental wind turbines projects going on after 70’s. Unfortunately all the projects came 
to end, when oil price was dropping radically in late 80’s. [4][5] 
 
The world’s first wind farm was constructed 1980 in New Hampshire, USA. It consisted 
of 20 wind turbines, but the wind farm failed due to many mechanical errors. Denmark 
constructed the world’s first offshore wind farm 1991 in Vindeby. It consisted of 11 
wind turbines, each turbine of 450kW size. [6]  
 
Nowadays wind turbines can be over 200m high with a rotor diameter of 160m and 
can produce around 7.5MW of electrical energy. There many ambitious wind turbine 
projects going on, which are trying to develop hovering wind turbines. [7] 
 
2.2 History of Electrostatic Generator 
 
Ancient Greek philosophers understood that when rubbing amber, it could attract small 
objects or create a sparks. Until the 17th century electrostatic energy effects were not 
fully understood. Otto van Guericke was the first to attempt simple experiments with 
electrostatic charge. A sulphur ball was used, which was rubbed against another per-
son’s hand, becoming electrically charged. That caused the ball to spark or to attract 
small objects, like straws. The electrostatic charge was used in the 18th century mostly 
as therapy, experiments and pleasure methods as electric kiss. Ewald Jürgen von Kleist 
invented, in 1745, the Leyden Jar’s and it was used to store electric charge. The first 
experiments with Leyden Jar had multiple bottles, filled with water and connected to 
each other. Of course it worked, but because of the metallic cylinder in the bottles. 
Metal bottles were available to store electrical energy and the first capacitor was dis-
covered. Professor Richmann, later in 1783, connected multiple Leyden Jar’s together 
to increase the charge. Unfortunately when he tried to charge capacitors during a 
thunderstorm, he got an electric shock from a conductor. He was the first known HV 
victim. ESG based on a disc rotor was getting popular in the early 19th century and it 
had much better electric charge efficiency than Leyden Jar’s. The latest modification in 
electrostatic disc generators, was made by Wimshurst ESG. Wimhurst ESG was used in 
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x-ray tubes and is still in use in e.g. physics classes. Robert J. Van de Graaff discovered 
a new ESG in 1929, which could easily reach up to few megawatts it got the name Van 
de Graaff generator. [8] 
2.3 Theory of Electrostatic Generator 
The ESG’s purpose is to produce electrical energy, but it has also other purposes e.g. 
electrostatic painting, physics class, electrostatic discharge machines etc. The basic 
idea is to transform mechanical energy into static electricity, which can be used like 
any other electricity in e.g. households.  
 
There are different types of ESG’s they can be friction or induction generators. ESG 
creates HV, but has very low current. The voltages can go easily up to hundred thou-
sand voltages, but the current will only be of a few hundred microamperes. [9] 
 
Dielectric materials can increase the breakthrough voltage and produce more electrical 
energy. So with high dielectric material is possible to increase the power output. Die-
lectric materials help increasing the electric charge in capacitors. [10] 
2.4 Different Types of Electrostatic Generator 
The Wimshurst’s ESG, VDG generator and RDHVG give a good overview about how 
electrostatic electricity behaves. The VDG operates with friction, the Wimshurst and 
RDHVG works with induction method. 
2.4.1 Wimshurst Electrostatic Generator  
Wimshurst machines use electrostatic induction effect to create electrical energy. It has 
two dielectric plates, with multiple metal blades. A two-ended brush is connected to 
each plate and both plates are connected to their own conductor. When the plates are 
spinning in the opposite direction, Wimshurst machine starts to collect positive charge 
on one side of the conductor and negative charge on the other side. It continues until 
the conductors are enough charged and voltage will breakthrough between conduc-
6 
 
tors. When the voltage breakthrough occurs, the charging process starts again, if the 
plates are moving. [11] 
2.4.2 Van de Graaff Generator 
The VDG generator as in figure 1 uses friction effect to create electrical energy. It has 
two different pulley materials: plastic and metal. Those two pulleys are combined to-
gether with insulating material such as a rubber belt. Both pulleys have brushes, which 
rubbing against the rubber belt. The metal pulley has an outer metal sphere around it, 
which collects positive charge. When plastic pulley is rotating with help of a direct cur-
rent motor, the rubber belt got movement, which rotates over both pulleys. The rubber 
belt transfers positive charge to the metal sphere up and the negative charge will flow 
down. When voltage levels are high enough, it will try to do a voltage breakthrough to 
the nearest grounded conductive object and then VDG generator is discharged again. 
[12] 
 
 
Figure 1: Van de Graaff generator from HAN University of Applied Sciences energy la-
boratory. [Image photographed by Mathias Nummelin (2013) JPEG file.] 
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2.4.3 Rotating-Disc High Voltage Generator 
RDHVG as in figure 2 uses induction instead of the friction method. The electric charge 
will be transported from the ground potential to the HV terminal by charge carriers, 
which rotate in the insulators disk. Charge carriers make electrical contact through the 
inductors electrodes. The inductor does not move and they are located in an outer 
ring. [13]  
 
 
Figure 2: Rotating-Disc High Voltage Generator for HAN University of Applied Sciences 
energy laboratory. Connection for brushes are located on the other side. [Image pho-
tographed by Mathias Nummelin (2013) JPEG file.] 
3   Theory and Description of the Experiment Methods 
 
The third chapter explains the theory behind the experiments. Voltage, current, voltage 
breakthrough experiments with VDG generator, the effect of different dielectric materi-
als and the experiments behind RDHVG are explained.  
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3.1 Electrostatic Voltage Output Experiment  
 
Because of the HV and small currents that VDG generator can supply, it is not possible 
to use a regular voltmeter for voltage measurement. For this reason, a weight machine 
was used. 
 
The ESVM has two connected metal spheres. The lower metal sphere has a “hat”, 
which was connected directly to the weight machine. The ESVM’s spheres try to repel 
each other, and the “hat” should repel from the sphere above when the ESVM is 
charged. The effecting force can be calculated from the weight machines weight val-
ues. The ESVM is charged up with the VDG generator as in figure 3. The VDG genera-
tor was connected to the ESVM’s higher sphere. The VDG ground is connected to a 
ground sphere, which is used to discharge both ESVM and VDG generator. The weight 
machine is KERN and it can measure weight up to 0.35kg within 0.0000001kg accura-
cy.  
Figure 3: Electrostatic voltmeter connected to Van de Graaff generator in HAN Univer-
sity of Applied Sciences energy laboratory. [Image photographed by Mathias Nummelin 
(2013) JPEG file.] 
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The ESVM did not work correctly. The ESVM’s lower sphere’s “hat”, directly connected 
to weight machine, showed negative values, which means that the “hat” repels from 
the lower sphere. Something interfered with the voltage experiment, perhaps the high-
er sphere and the connecting pieces to the lower sphere. The higher sphere and the 
connecting pieces were removed, which gave more stable values, but the “hat” still 
pulls the weight machine, which means negative values. The most problematic issue 
was to calculate the capacitance between the lower sphere and the top part “hat”, 
because the sphere is not anymore an identical round object. For identical round object 
or two identical round objects a capacitance formula can be found in literature or in 
web.  
Another option was to do frequency drop experiment, connecting open sphere and the 
“hat” to a resistor and an alternative current voltage power supply as figure 4 shows. 
Different frequencies were tested through and the voltage changes over the capacitor 
(in this case open sphere with the “hat”). Then decibel drops from 0dB to more nega-
tive values. The value -3dB is the resonance frequency. The resonance frequencies 
were calculated with formula 1: 
 !!" ! !" ! !"#!!!"!!"#!          (1) 
explanation for formula 1: 
fr= resonance frequency 
Uc= capacitors voltage 
Uin= voltage power supply 
 
In the experiment 1k! and 10k! resistors were used. For frequency and voltage 
measurements, an oscilloscope Tektronix TDS 2014 which could measure frequencies 
up to 100MHz was used. For alternative current power supply, a Thurlby Thander In-
strument TG120, which could provide up to 20MHz and peak-to-peak voltage was 
around 20V, was used. In this case two different resonance frequency values are ob-
tained, because of the two different resistors two different experiments also. The ca-
pacitance value is almost the same, due to both experiments with 1k! and 10k! resis-
tors. The frequency values obtained from Thurbly Thunder Instrument TG120 presents 
many variations making it difficult to get a precise value from the oscilloscope. For 
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both capacitance values, the average capacitance value was calculated. [14] See Ap-
pendix 1 for ESVM’s capacity results.  
 
 
 
Figure 4: ESVM’s capacity experiments circuit diagram. 
 
With the resonance frequencies the capacitance was calculated with formula 2:  
 
 ! ! !!!"#$!           (2) 
 
explanation for formula 2: 
R= resistance != Pi (constant) 
C= capacitance  
 
From the weight machines values force F with formula 3 was calculated, 
 
                   ! ! ! ! !           (3) 
 
explanation for formula 3: 
F= force 
m= mass 
g= earths gravity !!!"!!!! 
 
!"
#"
$%"&'("
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Charge Q was calculated with formula 4, 
           
              ! ! !!!!!                              (4) 
 
explanation for formula 4: 
Q= charge 
d= distance 
k= Coulomb’s constant !!!"" ! !"!!!! 
 
VDG generators voltage output was calculated with formula 5,  
 
               ! ! !!!             (5) 
 
explanation for formula 5: 
U= voltage 
 
3.2 Voltage Breakthrough Experiment 
 
Dry air’s voltage breakthrough is approximately 30kV/cm. [15] The experiment was 
performed with the VDG generator and a grounded sphere.  
The distance was measured from the edge of both spheres with different size three 
pieces. The different pieces sizes were measured with a ruler, as presented in figure 5. 
This is the most accurate method for measuring the distance between the VDG and the 
grounded sphere. 
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Figure 5: Different size of three pieces for measuring distance between two spheres. 
[Image photographed by Mathias Nummelin (2013) JPEG file.]  
 
The grounded sphere has to be on an isolated holder. Voltage breakthrough as in fig-
ure 6 was definitely not the correct way for voltage measurement, but it gives the right 
direction about VDG generator’s voltage output.  
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Figure 6: VDG generator voltage breakthrough to grounded sphere. [Image photo-
graphed by Mathias Nummelin (2013) JPEG file.] 
 
3.3 Electrostatic Current Experiment 
 
The VDG generator was used to demonstrate current measurement because of relative 
high voltage output. Two different methods were used for calculating current experi-
ment. First requires high resistance for current measurement. Two resistors with val-
ues of 2M! and 1M! were used, connected in series like figure 7 shows. The VDG 
generator’s sphere was connected to the 2M! resistor in series with the next 1M! 
resistor against to ground. Over 1M! resistor was a regular voltmeter and according to 
Ohm’s law formula 3: [16] 
 
 ! ! !!!          (6) 
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explanation for formula 3: 
I= current 
 
Currents are same through the both resistors, because of Kirschoff’s law. When know-
ing the VDG generators voltage output, it is easy to calculate how the voltage is divid-
ing over the both resistors. [17] 
Figure 7: Circuit diagram of VDG generator first current experiment. 
The second method was calculated with formula 7: [25] 
 ! ! !! ! !!"# !! ! ! ! !     (7) 
explanation for formula 7:  !!= vacuum permittivity !!"#= voltage breakthrough 
W= belt width 
L= belt length  
n= belt speed (rps) [25] 
 
!"#$
%&$ %'$
(#!$
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3.4 Dielectric  
 
Dielectric material is an electric insulator and it does not conduct electricity like e.g. 
copper or aluminum. The electric field is weaker in dielectric material than it would be 
in vacuum, because of the dielectric polarization. In other words dielectric materials 
allow the same amount of charge to be stored in a smaller electric field. There are 
many dielectric materials for commercial use. There are preponderant factors, though, 
for the restricted use of dielectric materials for the projects purpose. Depending on 
variations of temperature and/or humidity, breakthrough or resistance of the material 
is too low.  
3.4.1. Dielectric Material  
 
Dielectric materials (in alphabetic order): 
- BaTiO3 (powder) 
- NCE55 
- Plexiglass (Dielectric Generators rotating plate) 
- PTFE (teflon) 
- PVC 
- PVDF (plyvinylidene fluoride)  
- PVDF styrofoam  
- Twaron paper (product code/from: CC121702/Teijin Aramid) [18]     
 
These are the selected dielectric materials, as in figure 8. Available as free samples or 
founded at HAN University of Applied Sciences facilities. 
 
16 
 
 
Figure 8: Different dielectric materials from left up corner to right: twaron, PTFE, PVC, 
PVDF Styrofoam, PVDF and NCE55 pieces. [Image photographed by Mathias Nummelin 
(2013) JPEG file.] 
 
3.5 Dielectric Generator Experiment 
 
The Dielectric Generator’s purpose is to charge a metal sphere through rotating plexi-
glass. There are two brushes connected to the rotating plexiglass plate. First brush 
shots electrons at the rotating plexiglass and second brush collects the charge to a 
metal sphere as figure 9 shows.  
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Figure 9: Dielectric Generators circuit diagram. 
The current values were calculated for two points of the circuit. The current measure-
ments were done with two 1M! resistors and the digital Fluke multimeters. With 
Ohm’s law formula 6, the current trough the both resistors were calculated. The plexi-
glass spins with a 24V alternative current power supply and the first brush is charged 
with high voltage direct current (HVDC)-power supply. [19] 
 
Experiments with different dielectric material were performed. PTFE could not be taken 
into account compared to other dielectric materials. PTFE was too soft and it started to 
break down after 1200RPM, when break down of material happened, small PTFE pieces 
were flying around my lab. NCE55 pieces were too heavy and definitely not in right 
shape for attaching to Dielectric Generators rotating plexiglass. In the first experiment 
with NCE55, most of the NCE55 material was almost destroyed after 400RPM, when it 
suddenly removed for rotating plexiglass. For keeping NCE55 attached in plexiglass in 
high rotating speeds, NCE55 pieces had to be protected with PVC and “tapering”, 
which helped to keep the pieces still and attached on the plexiglass as figure 10 shows. 
 
Every time values were taken three times, for those three values the average voltage 
value were calculated and that experiment included with five different RPM and five 
different HV input voltage. 
!
!
!
!
"#$!
%&!
%&!
'%$(!
)*+*,!
-.!
-/!
(01,23!4*5534+*,!
.6+!7,860!
/9:!7,860!
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Figure 10: Dielectric Generator attached with NCE55 and PVC “tapering”. [Image pho-
tographed by Mathias Nummelin (2013) JPEG file.] 
3.6 Dielectric Materials Relative Permittivity Experiment 
 
One crucial factor to increase the power output of ESG with dielectric material was to 
know each materials dielectric relative permittivity. The relative permittivity could be 
solved with a simple experiment. Each dielectric material was used between the capac-
itors plates. The capacitor was made from aluminium folio, which was easy to work 
with and has low cost. It was important to press all the air away between the capacitor 
plates. The capacitor was connected with Thurlby Thander Instrument TG120 alterna-
tive current power supply and different frequencies go trough the capacitor via 10k! 
resistor. The basic idea was to make same size capacitors, which was not possible, 
because dielectric materials were in different size, thickness and shapes.  
 
The impedance was calculated with formula 8: 
                    
                    ! ! !!!!!!                                                (8)                                                                                     
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As frequency increases, so does the current. The constant was calculated with formula 
9: 
 ! ! !!!!!!!!!      (9) 
explanation for formula 8: != 2!!" != permittivity  
 
Relative permittivity was calculated with formula 10:  
 !! ! !!!      (10) 
explanation for formula 9: !!= relative permittivity  !!= vacuum permittivity  
 
3.7 Rotating-Disc High Voltage Generator Experiment 
 
RDHVG in HAN University of Applied Sciences has eight inductors and four brushes, 
inductors are divided four on each side of RDHVG and it has two brushes on each side. 
Not a single brush or inductor was connected together, so connection had to be done 
with cables. 
 
RDHVG experiments were done with two 1M! resistors and HVDC- power supply. Both 
side’s brushes were connected via 1M! resistor to ground. Fluke multimeters were 
measuring volts over the resistors and with Ohm’s law formula 6, current through both 
resistors with variable rotating speeds and HV inputs were calculated. See Appendices 
2-3 for RDHVG’s different coupling diagrams.  
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4 Results of the Experiments  
 
In chapter four the main results are presented.  
 
4.1 Electrostatic Voltage Output Experiment Results 
 
VDG voltage output could not be calculated, because apparently KERN weight machine 
did not show trustable values. Sometimes accuracy of the values varied from each oth-
er so much, that the voltage output experiment could not taken into account. Especial-
ly with the HVDC power supply experiment. Sometimes with HVDC power supply val-
ues were positive, which means that the “hat” did not repel from lower sphere. Even if 
values were trustable the correct distance value, could not be calculated. The ESVM 
capacity was calculated with formula 2.  
  
                       ! ! !!!!!!"""!!!"#!$%&'! ! !"#!!"# ! !"!!"!                                          (2) 
 
From two different capacity experiments the average capacity was calculated see ap-
pendix 1. 
 
The charge was calculated with voltage breakthrough experiments voltage value. The 
charge was calculated with formula 5: 
 
 ! ! ! ! ! ! !""!!!!! ! !"# ! !"!!"! ! !"" ! !"!!!         (5) 
 
Formula 5 is against formula 4, because when calculated with charge value, which 
have been calculated with formula 5, the distance will be with formula 4 to many kilo-
metres. The force value is the biggest what can be found in Appendix 6.   
 
                      ! ! !!!""!!"!!!!!!!""!!"!!!!!!!!!!!"#$%&! ! ! !"#$!!!                          (4)
                        
 
Distance result is definitely not correct, because the “hat” and spheres distance were 
impossible to measure and difficult to notice. 
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The charge was calculated with formula 4: 
 
                     ! ! !!!!"#$%&!!!!!!"!!!!!!""!!"!!!!!!! ! !!!!"" ! !"!!"!                               (4)  
 
Obviously this is not the correct charge value, because it would mean that VDG gener-
ator’s voltage output would not even be 1V with formula 4. In formula 4 distances val-
ue was estimated to 2mm, because it was impossible to notice. If it would be estimat-
ed to less than 2mm, the charge value would be even smaller.     
 
The “hat’s” distance was changed from the sphere and it was only possible to change 
with 7-8mm. The “hat’s” distance is important factor, which effected to the calculated 
force, because the values got more negative as with the original distance settings. 
There was possibility to use protection plastic tube over the ESVM, so there were set-
tings tried with and without plastic tube protection and with both distances. See Ap-
pendix 4 for ESVM’s weight values with VDG generator and Appendix 5 for ESVM’s 
weight values inside a plastic tube with VDG generator. Only acceptable results were 
with formula 2 and formula 5.  
 
4.2 Voltage Breakthrough Experiment Results 
 
For three experiments the average value was calculated. 
 
Table 1: Average voltage breakthrough values. 
 
Average value of the three measurements was 0.13333333m. This is the voltage 
breakthrough distance between the VDG generator and the grounded sphere. When 
multiplied the VDG generator breakthrough distance with air’s breakthrough value 
30kV/cm, the VDG generator voltage output is exactly 400,000V. See Appendix 8 for all 
breakthrough experiment tables. 
 
!"#$%&#'()*+%,-#./01 23./41
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4.3 Electrostatic Current Experiment Results 
 
The current experiment was done with resistors in series, with values of 2M! and 
1M!. Current was calculated through 1M! resistor with formula 6: 
 
 ! ! !! ! !"!!"!!!! ! !!!" ! !"!!!         (6) 
 
Current experiment was calculated also with formula 7:  
                       ! ! !!!"# ! !"!!" ! ! ! !!" ! !!!"#$! ! !!!"#$%! ! !""!"#!"! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!"##$% ! !"!!!          (7) 
Results are different from formula 6 and formula 7.  
4.4 Dielectric Generator Experiment Results 
 
Dielectric Generator experiment as figure 11 shows, was performed with different die-
lectric material such as twaron, twaron gap, PTFE, PVC, 2*PVC, PVDF, PVDF 
Styrofoam, BaTiO3 and NCE55. PTFE materials results are not presented, because it 
started to break to small pieces, when increased rotating speed. Dielectric Generators 
current in- and output was investigated with variable HV inputs and rotating speeds. 
Current before and after rotating plexiglass were calculated with Ohm’s law formula 6. 
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Figure 11: Dielectric Generator experiment with NCE55 and PVC “tapering”. [Image 
photographed by Mathias Nummelin (2013) JPEG file.] 
 
From dielectric materials average current value, tables were done, current in- and out-
put related to HV input values. The tables are show how current is related to HV input 
and rotating speed. Dielectric materials current in- and output are presented in table 
with variable HV inputs. HV input values used in current in- and output tables were 
calculated average values from different rotating speeds. In Appendix 8-10 Dielectric 
Generators results are presented.    
4.5 Dielectric Materials Relative Permittivity Experiments Results 
 
Dielectric materials relative permittivity was investigated with self-made capacitor ex-
periment. In relative permittivity experiment all dielectric materials’ resonance frequen-
cies were measured. In Appendix 11 all relative permittivity results are presented. 
Twaron papers resonance frequency was measured with formula 1: 
 
 !!! ! !"#$!" ! !" ! !"# !!!!!!!!"! ! !!!!!"#$%&!"  (1) 
24 
 
 
Twaron papers capacitance was calculated with formula 2: 
 
 ! ! !!!!!!"#$!"!!""""!! ! !!!" ! !"!!!   (2) 
 
Twaron papers impedance was calculated with formula 8:  
 
 ! ! !!!!!!"#$!"!!!!"!!"!!!! ! ! ! !"!!                          (8) 
 
Current through twaron paper was calculated with formula 6: 
 
 ! ! !!!"!!!!"!! ! !!!" ! !"!!!       (6) 
 
Twaron papers permittivity was calculated with formula 9: 
    
 ! ! !!!"!!"!!!!!!!!!!"!!!"#$!"! !!!!!!""!!"!!! ! ! !!!"#$# ! !"!!!   (9) 
 
Twaron papers relative permittivity was calculated with formula 10: 
   
 !! ! !!!"#$#!!"!!!!!!!!!"#!!"!!"!!! ! !!!"#$%&'(    (10) 
 
Calculated values are presented in table 2. 
  
Table 2: Epsilon R are measured relative permittivity and *Epsilon R are founded from 
web.  
[20-22] 
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4.6 Rotating-Disc High Voltage Generator Experiment Results 
 
5th coupling was the most suitable for RDHVG settings. Coupling three, five and six 
made greater current output than current input. Other couplings had greater current 
input most of the time. In Appendix 12-15 Rotating-Disc High Voltage Generator cou-
pling results are presented. 
 
RDHVG did not work correctly with the original settings, because between inductors 
and brushes sparks occurred. It was necessary to try different couplings with RDHVG. 
However every coupling made sparks between inductors and brushes as figure 12 
shows or only sparks between inductors. The sparks interfered RDHVG’s experiment 
measurements, because when sparks occurred the HV input could not be increased for 
the RDHVG.   
 
 
Figure 12: Red spark between brush and inductor. [Image photographed by Mathias 
Nummelin (2013) JPEG file.] 
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5 Discussion and Conclusion for the Experiments 
 
In chapter five discussion and conclusions about performed experiments are present-
ed.  
5.1 Electrostatic Voltage and Current Outputs 
 
Electrostatic power output was difficult to measure, because the charge was leaking 
always from sharp objects. If the sphere was not perfect round, the corona effect 
started to happen from sharp objects, like screws. Weight machine values were varia-
ble from each other, so it was almost impossible to know which values were correct. 
The crucial factor that affected weight machines weight values was the distance be-
tween the “hat” and the sphere. The “hat’s” distance could be changed only with max. 
7-8mm. More distance then 8mm interfered the “hat’s” connection to the weight ma-
chine and also changed the “hat’s” original weight. Plastic tube over the ESVM affected 
also negatively on the experiment, because plastic tube got also charged and started 
to attract hair straws from my hand. 
 
ESVM could have worked better with e.g. two open hemispheres, because the distance 
would have been easier to measure. The idea was good for measuring voltage output 
with original ESVM structure. The problem was that the “hat” repelled from the sphere 
below and not from above with original settings. The “hat’s” distance was almost im-
possible to notice and measuring was difficult, because it was different distances de-
pending from which “hat’s” edge measurement was performed. In this case formula 4 
is not correct, because the distance can not be measured and if calculated the charge 
value with formula 4, it is necessary to estimate the distance. However, formula 4 is 
mostly used for two identical spheres and the distance is of the two spheres central 
origin. Formula 5 seems to be correct option for calculating one spheres charge, be-
cause the voltage and capacity is known. However, the basic idea was to calculate 
voltage from charge and capacitance value. Now the charge is calculated from formula 
5.    
 
The weight machine and computer was not connected together, it would have been 
easier, if the computer could have saved the values automatically. Values were written 
manually with online stopwatch. It made the values more unreliable. 
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Measuring electrostatic voltage and current can be performed nowadays with meters 
designed for surface measuring. The most common principle for measuring electrostat-
ic charge is with two identical spheres, which are connected together. When these 
spheres are charged, they try repel from each other, so it could be more reliable with 
only two spheres and no “hat” part for operating correctly.  
 
However, the VDG generator power output is around 5W, when the power output was 
calculated with formula 11: 
 
 ! ! ! ! ! ! !""!!!!! ! !!! ! !"!!! ! !!!!                                      (11)    
 
In formula 11 were used current value from the first current experiment, and voltage 
value from voltage breakthrough experiment.  
 
Power output can be calculated also with formula 12: [25]       
  
 ! ! !! ! !!"#! ! ! !! ! ! ! ! ! !!!"# ! !"!!" ! ! ! !!"! ! !!!"! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!"#$! ! !!!"#$%! ! !""!"#!" ! !!!!           (12) 
 
It is difficult to say which formula were correct, however electrostatic energy is difficult 
to measure. The both values are relative near each other.  
 
5.2 Dielectric Generator 
 
Factor that increased current output was material’s relative permittivity. BaTiO3 had 
the highest current output it has also very high relative permittivity compared to other 
experimental materials. Another factor that affected Dielectric Generator’s current out-
put was the rotating speed. BaTiO3 and PVC “tapering” had the highest current output 
with the rotating speed 1445RPM. Increased thickness of the material increased also 
current output. Important factor also was the HV input for the experiment. The results 
show how radically current is increasing with increased HV inputs.  
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The values were taken three times, both voltage input and voltage output, there can 
be noticed that usually one of the three values are different for the other values, that 
is why it makes sometimes so weak average sum. 
 
Unfortunately one of two 1M! resistors went broken in the middle of my experiment 
without noticed. That is why the voltage is so high in current in (I1) compared to cur-
rent out (I2). Resistor was measured again with a value of 2.8M!. So it had to be 
compensated in the calculations. The resistor could have gone broken, because of 
sparks. Sometimes when increasing HVDC input to over 15kV, sparks occurred be-
tween resistor and table. The resistor made a post-fire to the table, if not isolated with 
extra isolation from the table.  
 
Dielectric materials current outputs are presented in figure 13.  
 
Figure 13: Different dielectric materials current output with maximum rotating speeds 
between 1179rpm to 1544rpm. Y-axis shows !" and X-axis shows HV input. [Graph 
made by Mathias Nummelin (2013) XLSX file.] 
 
Different dielectric material had different current output results. BaTiO3 with PVC “ta-
pering” had the greatest current output result. Maximum rotating speed did not always 
give the greatest current output. Some material had better current output with rotating 
speeds 400rpm- 800rpm compared to maximum rotating speed as figure 14 presents. 
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Figure 14: Different dielectric materials greatest current output. Y-axis shows !" and 
X-axis shows HV input. [Image made by Mathias Nummelin (2013) XLSX file.] 
 
5.3 Dielectric Materials Relative Permittivity 
 
Dielectric materials relative permittivity was calculated with the self-made capacitor 
experiment. Materials relative permittivity values are close real values, but not exactly 
the same. It might depend on a measuring error and frequency value was never sta-
ble.  
 
Relative permittivity is not always constant value some material can change permittivi-
ty depending on temperature and/or frequencies. [23] In relative permittivity experi-
ment all relative permittivity values were constant and not depending on frequency.  
 
The formula 13 explains why it is important to have dielectric materials with strong 
relative permittivity and high voltage breakthrough.  
 
 ! ! ! ! ! ,             (13) 
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explanation for formula 13: 
P= energy 
E= voltage breakthrough 
 
The formula 14 explains how the rotating speed and the size of the charge carrier sur-
face is improving the current output. [24] 
 
 !!"# ! ! ! !!"#! ! !!"#! ! ! ! !,                                                (14)  
 
explanation for formula 14: !!"#= radius from the brush to the rotating disc !!"#= radius of the rotating disc 
f= rotating speed (RPS) 
 
Looks like formula 12 and 13 are correct, because what affected the current output in 
Dielectric Generator experiment, were rotating speed and materials relative permittivi-
ty.  
 
5.4 Rotating-Disc High Voltage Generator Experiment Results 
 
RDHVG experiments did not work correctly. HV input never reached acceptable values 
to around 20kV, because of the voltage breakthroughs that occurred in the system. 
The fifth coupling was best fitting for RDHVG. With coupling three, five and six, RDHVG 
was available to make a greater voltage to the ground terminal side that it was on the 
HV terminal side. There was a vision for using RDHVG as project SWT electrostatic 
generator. Unfortunately the sparks in the system, especially after some HV input, 
made the generator unstable for producing electrical energy. It might help, if the di-
ameter would be greater in RDHVG, because it could diminish voltage breakthroughs 
(more distance between conductive parts). Of course when voltage breakthroughs 
does not occur anymore, it is possible to feed higher HV input to the generator. This 
could cause even greater current output. RDHVG could be tested with more different 
couplings, dielectric material and many RDHVGs in series.  
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Unfortunately one of two 1M! resistors went broken in the middle of my experiment 
without noticed. That is why the voltage is so high in current out (I2) compared to 
current in (I1). So it had to be compensated in the calculations. Same resistors were 
used in both Dielectric Generator experiment and RDHVG experiment.    
 
6 Summary 
 
Chapter six is summary and performed experiments are related to project SWT. 
 
For improving energy efficiency in ESG it is important to use dielectric material. The 
best material would be something with very high relative permittivity and voltage 
breakthrough. It has to also be in easy form to handle, so not gas or liquids can really 
be taken into account.  
 
HV inputs affect the dielectric materials positively. Rotating speeds that were used in 
experiments can not of course take place in nature. So, in real life the SWT’s ESG can 
not rotate as fast as in my experiments.  
 
Measuring ESG power output can be done with modern electrostatic voltmeters. SWT 
voltage and current values had to be monitored from distance, but maybe the floating 
substation, which is connected to SWT could have its own integrated ESVM. ESVM 
principle can be constructed with low investments, because needed things are two 
conductive objects. There can be a weight machine or it is possible also to calculate 
this from the angle between horizontal and the charged objects level.  
 
RDHVG were with few couplings almost a fully operating generator. If the voltage 
breakthrough could have been avoided it might work as an ESG. Voltage break-
throughs can be avoided with increasing the size of RDHVG. It also would affect posi-
tively on the current output if the formula 14 is trustable.  
 
Environment in 300-1000m over ocean surface is usually cold, humid and there is salt 
in the air. Humidity has higher voltage breakthrough than dry air. Temperature has 
also an effect on relative permittivity depending which material is used.  
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There are also another issues all computers and software have to be protected against 
electrostatic shocks or else they will be destroyed. Hopefully this thesis can help future 
project teams in developing a hovering wind turbine. 
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Appendix 1 
ESVM capacity experiment values 
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Appendix 2 
Coupling 1 
 
Coupling 2  
 
 
Coupling 3 
 
Coupling 4 
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Appendix 3 
Coupling 5 
 
Coupling 6 
 
                
Coupling 7 
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Appendix 4 
Without plastic tube protection over the electrostatic voltmeter 
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Appendix 5 
Plastic tube protection over the electrostatic voltmeter 
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!"#$% &"#'% ("#)%
*+ ,+-./. ,+-++.0*01
2+ ,+-.+2 ,+-++10011
3+ ,+-12* ,+-++1+/2
4+ ,+-550 ,+-++54.4
5+ ,+-4*5 ,+-++4+.*2
1+ ,+-523 ,+-++5*3+1
!"# $% &'()*+,-*./0
!"#$% &"#'% ("#)%
*+ ,*-./0 ,+-+*.11.2
1+ ,*-123 ,+-+*14+/
.+ ,*-13/ ,+-+*1.+*4
/+ ,*-.2/ ,+-+*.543*
3+ ,*-/*1 ,+-+*.03*4
5+ ,*-/34 ,+-+*/12.1
  
 
 
Appendix 6 
Breakthrough experiment tables  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
!"#$%&'()*'%+$*",&-( ./0$%12'3456 !"#$%&'()*'%+$*",&-( ./0$%12'3456 !"#$%&'()*'%+$*",&-((./0$%12'3456
! "#$% ! "#$% ! "#$%
! "#$& ! "#$& ! "#$&
! "#$' ! "#$' ( "#$'
( "#$) ( "#$) ( "#$)
( "#$* ( "#$* ( "#$*
( "#$$ ( "#$$ ( "#$$
( "#$ ( "#$ ( "#$
( "#"+ ( "#"+ ( "#"+
( "#", ( "#", ( "#",
( "#"- ( "#"- ( "#"-
( "#"% ( "#"% ( "#"%
( "#"& ( "#"& ( "#"&
( "#"' ( "#"' ( "#"'
( "#") ( "#") ( "#")
( "#"* ( "#"* ( "#"*
( "#"$ ( "#"$ ( "#"$
( " ( " ( "
  
 
 
Appendix 7 
Twaron 
 
Twaron gap 
 
 
 
 
! "#$ %!&'!( )*+,-.+/01&!( )*+,-.+/02&!( 31&4)( 32&4)(
56517 5 5 5 5 5 5 5 5 5 5
86559 565:9 565:9 565:9 56558 56558 5655: 565:9 56558;;;;;; 5652278<19 56558;;;;;
156512 561:= 561:7 561:7 5651: 5651: 5651: 561:7;;;;;; 5651: 565:511=58 5651:
186512 169;7 1692 1692= 56591 56591 56591 1692= 56591 56815;8<19 56591
1=6=71 ;6977 ;69;7 ;6992 565<8 565<: 565:= ;698: 565<;;;;;;; 162;9278<1 565<;;;;;;
! "#$ %!&'!( )*+,-.+/01&!( )*+,-.+/02&!( 31&4)( 32&4)(
56517 56552 56551 56551 5655; 5655: 5655; 56551;;;;;; 56559 565559<:1= 56559
8655: 565:1 565:1 5658= 56559 56557 56512 565:5;;;;;; 56557 5652189<:2 56557
=6=== 5618; 56182 56181 5651< 56521 5652 56182 5651=;;;;;; 56589278<1 5651=;;;;;
186557 16;7= 16;=1 16;<< 565;: 56598 565;9 16;78:::::< 565;7;;;;;; 569=9775=8 565;7;;;;;
1=6=72 ;69:2 ;6927 ;6989 565<7 56599 565:= ;6997 565:;:::::< 162;19278< 565:;::::<
! "#$ %!&'!( )*+,-.+/01&!( )*+,-.+/02&!( 31&4)( 32&4)(
5651< 56559 56558 5655; 56558 56559 5655; 56559 56559 565519278< 56559
8651; 56589 56589 5658; 5655; 5655= 5655= 5658;:::::< 5655< 5651=1:::< 5655<
15655= 5618; 56197 5619: 5655= 56512 56519 5619= 56511:::::< 5658;2192= 56511::::<
186519 16917 1692 1691= 565;9 565;: 565;8 1691= 565;8 5685:<78<1 565;8
1=6=72 ;6;<2 ;6951 ;6;7; 56598 565:: 565:7 ;6;78;;;;;; 5658=:::::< 1625=59<:2 5658=::::<
! "#$ %!&'!( )*+,-.+/01&!( )*+,-.+/02&!( 31&4)( 32&4)(
56517 56558 56558 56559 5655< 5655; 56559 56559:::::< 56559:::::< 56551::::< 56559::::<
8655= 56588 56588 56589 5655< 56558 56559 56589:::::< 56558;;;;;; 5651=82;71 56558;;;;;
=6=7: 561;7 561;< 561;7 5655: 5655< 5655= 561;<:::::< 5655<;;;;;; 5659=1:::< 5655<;;;;;
18655: 16998 1699< 16981 56527 5652< 5652: 1699<:::::< 5652< 5681<52;71 5652<
1=6=79 ;6;:2 ;6;:; ;6;8= 56599 5658; 56597 ;6;:1;;;;;; 56597;;;;;; 162559<:1= 56597;;;;;
! "#$ %!&'!( )*+,-.+/01&!( )*+,-.+/02&!( 31&4)( 32&4)(
56517 56559 56559 5655; 56551 5 5 5655;:::::< 56555;;;;;; 56551;5=82 56555;;;;;
8651: 5659= 5659= 5659= 56559 5655; 5655; 5659= 5655;;;;;;; 5651<8 5655;;;;;;
15655< 56127 5612: 5612< 56557 5655< 56557 5612< 5655<:::::< 56598;8<19 5655<::::<
186551 16981 16992 169;; 56529 5652; 56529 16992 5652;:::::< 56818 5652;::::<
1=6=79 ;6;; ;6;5; ;6;21 5659< 56597 5659: ;6;17 5659< 16178 5659<
$>?>,
01&!( 02&!(
5 5
1<678 118<
01&!( 02&!(
:652: ;7=6=
01&!( 02&!(
1265; <<=68
01&!( 02&!(
01&!( 02&!(
2;627 1811
! "#$ %!&'!( )*+,-.+/01&!( )*+,-.+/02&!( 31&4)( 32&4)(
56517 5 5 5 5 5 5 5 5 5 5
86559 565:; 565:< 565:< 5655= 5655= 5655= 565:<====== 5655= 5651<8:;<2 5655=
96998 561:2 561:= 561=8 5651 56559 5651 561: 56559<<<<<; 5658 56559<<<<;
1:699< 16:7; 16:71 16:;: 565= 565= 56529 16:75<<<<<; 56529<<<<<; 5682775982 56529<<<<;
196972 =6=72 =6:28 =6=92 56587 56587 5658; =6=99<<<<<; 5658;<<<<<; 1621:1<<<; 5658;<<<<;
! "#$ %!&'!( )*+,-.+/01&!( )*+,-.+/02&!( 31&4)( 32&4)(
56517 56551 56551 56552 5655= 5655= 56552 56551====== 56552<<<<<; 56555:;<19 56552<<<<;
86552 565:8 565:8 565:: 56558 5655: 5655; 565::<<<<<; 56558====== 56518982=7 56558=====
15655: 56118 5611: 5611= 56552 5655= 5655; 5611: 5655: 565:5;1:29 5655:
18655: 16:29 16:28 16:2: 5652= 5652: 5652: 16:2< 5652=<<<<<; 56859278;1 5652=<<<<;
19697: =6=<8 =6=77 =6=81 565:1 5658 565:8 =6=<7 565:8====== 1625278;1: 565:8=====
! "#$ %!&'!( )*+,-.+/01&!( )*+,-.+/02&!( 31&4)( 32&4)(
5651< 5655= 5655= 5655= 5655: 56551 56552 5655= 56552====== 565515;1:= 56552=====
8655: 565:= 565:2 565:2 5655= 5655= 5655= 565:2====== 5655= 5651811958 5655=
15655< 56111 5615; 56157 56559 56557 56557 56157<<<<<; 56557====== 565=775982 56557=====
1:699: 16:=1 16:=9 16:29 5652= 5652: 5652 16:== 56522====== 56811;78;1 56522=====
19697: =6=27 =6=2< =6=11 565:1 565:1 565:; =6=21<<<<<; 565:= 1617<=5982 565:=
! "#$ %!&'!( )*+,-.+/01&!( )*+,-.+/02&!( 31&4)( 32&4)(
56517 5655: 5655: 5655= 5655= 5 56552 5655=<<<<<; 56551<<<<<; 56551=5982 56551<<<<;
86552 565: 565: 565: 5655= 56552 5655= 565: 56552<<<<<; 5651:278;1 56552<<<<;
156557 56151 56152 56599 5655< 5655< 5655< 56155<<<<<; 5655< 565=8982=7 5655<
186522 16:=2 16:28 16:2= 56519 5652 56519 16:2<<<<<<; 56519====== 5685982=71 56519=====
19697: =62;9 =628; =62<2 565=9 565=; 565=< =62<< 565=;====== 161<<:278; 565=;=====
! "#$ %!&'!( )*+,-.+/01&!( )*+,-.+/02&!( 31&4)( 32&4)(
56517 56558 5655: 5655: 56552 56552 56551 5655:====== 56551<<<<<; 565518:;<2 56551<<<<;
86552 565=9 565=9 565=7 56552 56552 56552 565=7<<<<<; 56552 5651=75982 56552
15651< 56151 56597 56597 56558 56558 56558 56599 56558 565=8=8;1: 56558
18651: 16:5: 16=9; 16=9: 5651; 56517 56517 16=97====== 5651;<<<<<; 56:99:5:;< 5651;<<<<;
19697: =62<: =627 =62;2 565=; 565=8 565=< =62;2 565=< 161<78;1:= 565=<
01&!( 02&!(
01&!( 02&!(
$>?>,
01&!( 02&!(
5 5
01&!( 02&!(
2=6:; 1828
<652: =9562
1765< 11;2
01&!( 02&!(
1169< ;;<68
  
 
 
Appendix 8 
Plexiglass 
 
PVC 
 
 
 
 
! "#$ %!&'!( )*+,-.+/01&!( )*+,-.+/02&!( 31&4)( 32&4)(
56517 5 5 5 5 5 5 5 5 5
86777 56589 5658: 5658: 5655; 5655; 5655; 5658:;;;;;; 5655; 5651<758:< 5655;
76777 561;8 56181 561;< 56559 56559 56559 561;: 56559 56589729=: 56559
1=6552 168: 168<; 168<< 5652= 5652= 5652= 168<<;;;;;; 5652= 56=2;<7589 5652=
176791 ;6;;; ;6;;2 ;6;22 565=< 565=: 565=9 ;6;27 565=: 16199729=: 565=:
! "#$ %!&'!( )*+,-.+/01&!( )*+,-.+/02&!( 31&4)( 32&4)(
56519 56552 56551 5655= 5655; 5655< 56558 56552<<<<<: 56558;;;;;; 565557=2;9 56558;;;;;
=6512 56581 565;7 56581 56551 5655: 5655< 56585;;;;;; 56558<<<<<: 56518858:< 56558<<<<:
7677< 5615< 5615= 56158 5655< 5655: 5655: 5615= 5655<<<<<<: 565;:= 5655<<<<<:
1=6512 16;77 16858 16;7: 5652: 5652; 5652= 168 5652= 56= 5652=
176792 ;6;29 ;6;8 ;6;2= 565=9 565:; 565<2 ;6;;1 565<8;;;;;; 16197<829< 565<8;;;;;
! "#$ %!&'!( )*+,-.+/01&!( )*+,-.+/02&!( 31&4)( 32&4)(
56519 5 5 5 5 5 5 5 5 5
=655= 565=7 565=7 565=: 5655= 5655< 5655< 565=9;;;;;; 5655=<<<<<: 565259;;;; 5655=<<<<:
156557 561: 561<9 561<< 56518 56512 56518 561<9 5651;;;;;;; 565< 5651;;;;;;
186779 16<81 16<: 16<8: 565=8 565=2 565=1 16<=2<<<<<: 565=2;;;;;; 56=752;91 565=2;;;;;
17679 ;6=:; ;6==2 ;6=<: 56151 5615= 56158 ;6=<8 5615;;;;;;; 162:29=:18 5615;;;;;;
! "#$ %!&'!( )*+,-.+/01&!( )*+,-.+/02&!( 31&4)( 32&4)(
56518 5 5 5 5 5 5 5 5 5 5
=651; 565<7 565<9 565<< 56559 56559 56559 565<:<<<<<: 56559 565281<<<: 56559
156559 561:7 5619< 56192 5651: 5651: 5651: 56192;;;;;; 5651: 565<=1175= 5651:
186798 16<;8 16<;2 16<29 56588 565= 565=1 16<;1;;;;;; 56589;;;;;; 56=92<175= 56589;;;;;
17679 ;6899 ;68:2 ;68=8 56152 5657= 5657; ;68:1;;;;;; 5657<<<<<<: 162;7:<17 5657<<<<<:
! "#$ %!&'!( )*+,-.+/01&!( )*+,-.+/02&!( 31&4)( 32&4)(
5651< 5655= 5655= 56558 56551 56551 56551 56558<<<<<: 56551 56551<<<<: 56551
86779 565=: 565=< 565=< 56552 56552 56552 565=<;;;;;; 56552 565251175= 56552
15652 5625; 5617< 56178 56559 56559 56559 5617:<<<<<: 56559 565:5=7=28 56559
1=652< 16<58 16=7: 16< 5658 56581 565;7 16<55;;;;;; 5658 56=:1=8:<2 5658
176792 ;681= ;685: ;6;7< 5659; 565:7 565:= ;685< 565:7 1621<829=: 565:7
$>?>,
01&!( 02&!(
5 5
1:6:: 11=1
01&!( 02&!(
<65: ;7;
01&!( 02&!(
12611 :986=
01&!( 02&!(
01&!( 02&!(
2;691 1=88
! "#$ %!&'!( )*+,-.+/01&!( )*+,-.+/02&!( 31&4)( 32&4)(
56517 5 5 5 5 5 5 5 5 5 5
76899 565: 56578 56578 56552 56552 56552 56578;;;;;; 56552 5651<=185: 56552
86888 561<< 56199 5619= 56558 56558 56558 5619;=====< 56558 565=::8:27 56558
176888 16=:= 16=: 16=:1 565;= 565;= 565;: 16=:2;;;;;; 565;:=====< 56:851185: 565;:====<
186892 ;6:29 ;6:17 ;6:27 565< 565< 565<1 ;6:22 565<5;;;;;; 162:<9:<17 565<5;;;;;
! "#$ %!&'!( )*+,-.+/01&!( )*+,-.+/02&!( 31&4)( 32&4)(
56519 5655= 56557 56551 56557 5655: 56551 5655;=====< 5655;;;;;;; 56551;58:2 5655;;;;;;
:651= 5657< 5657= 56579 5655; 56552 56552 5657< 56552;;;;;; 5651=<9:<1 56552;;;;;
15652 5617; 561;9 5617; 56559 56557 5655= 56171;;;;;; 5655= 565:57<=18 5655=
17688; 16=5: 16= 16:82 5651< 56521 56521 16:88 56518=====< 56:<15<17; 56518====<
186897 ;6:99 ;6=; ;6= 56598 56598 5659= ;6=5= 56599 1629<9:<17 56599
! "#$ %!&'!( )*+,-.+/01&!( )*+,-.+/02&!( 31&4)( 32&4)(
56522 5655= 5655= 5655: 5655; 56552 5655; 5655:=====< 56552=====< 5655252;91 56552====<
7688< 56579 56579 56579 56551 56551 5 56579 56555=====< 5651<1729= 56555====<
156571 5612< 5612= 5612: 56557 56557 5655: 5612= 56557;;;;;; 5657: 56557;;;;;
1:655; 16:97 16:99 16:<8 56527 5652= 5652: 16:9;=====< 5652: 56:=::8:27 5652:
18689; ;6:=1 ;6=12 ;6:92 5611: 5615< 5611= ;6:9: 56112=====< 16295;:<17 56112====<
! "#$ %!&'!( )*+,-.+/01&!( )*+,-.+/02&!( 31&4)( 32&4)(
56519 56552 56552 56551 56552 56552 56552 56551=====< 56552 56555:8:27 56552
:6558 565:1 565: 565: 56551 56551 56551 565:5;;;;;; 56551 5651<8<=18 56551
156559 561=7 561:8 561:< 56557 56557 56557 561= 56557 565:<1729= 56557
1:6517 16=<< 16=<< 16=9 565;< 565;8 565;9 16=<9 565;9 56:8829:<1 565;9
186897 ;6<1 ;6=99 ;6<11 5612: 5612 5611= ;6<5; 56125;;;;;; 16;22: 56125;;;;;
! "#$ %!&'!( )*+,-.+/01&!( )*+,-.+/02&!( 31&4)( 32&4)(
56519 5655; 5655; 5655; 56552 56552 56551 5655; 56551=====< 565515<17; 56551====<
:655= 56578 56579 56579 56551 56551 56551 56579;;;;;; 56551 5651<2=18 56551
156557 561<; 561== 561<1 5655: 5655: 56557 561< 56557=====< 565=5<1728 56557====<
1:6519 16==7 16==9 16==2 565;; 565;2 565;; 16==7=====< 565;2=====< 56:87:2;91 565;2====<
186897 ;6=52 ;6=5< ;6:88 5615; 56151 5658< ;6=52=====< 56155;;;;;; 1629=====< 56155;;;;;
01&!( 02&!(
2;6<9 1:77
1961= 11<9
01&!( 02&!(
=657 ;8167
01&!( 02&!(
11682 <<;
01&!( 02&!(
$>?>,
01&!( 02&!(
5 5
  
 
 
Appendix 9 
2*PVC 
 
PVDF 
 
 
 
 
! "#$ %!&'!( )*+,-.+/01&!( )*+,-.+/02&!( 31&4)( 32&4)(
56517 5 5 5 5 5 5 5 5 5 5
86557 56519 56517 56517 56551 56551 56551 56519:::::9 56551 5655:;5<82 56551
15651= 56588 56588 56588 56558 56558 56558 56588 56558 5651<:=27: 56558
18655= 16;:= 16;:; 16;91 56599 5659: 5659: 16;:: 5659:;;;;;; 56=797891= 5659:;;;;;
1<6<7 2677< 26772 269;2 56189 561: 561:1 267;=;;;;;; 5618<;;;;;; 165122:1< 5618<;;;;;
! "#$ %!&'!( )*+,-.+/01&!( )*+,-.+/02&!( 31&4)( 32&4)(
5651= 56557 56559 56558 56558 56559 5655: 5655::::::9 5655: 56552;75<8 5655:
8652 5652 5652 56521 5655= 56552 5655= 56525;;;;;; 5655;;;;;;; 565592:1< 5655;;;;;;
15652= 56589 5658< 56589 56512 56557 56559 56589:::::9 5655< 565258<82= 5655<
186552 16;8< 16;: 16;8; 56597 56598 56599 16;89;;;;;; 5659::::::9 56=7=9:1< 5659:::::9
1<6<72 ;652< ;65<= 26<<= 561:9 56197 561:7 ;65;< 56191 16578;891= 56191
! "#$ %!&'!( )*+,-.+/01&!( )*+,-.+/02&!( 31&4)( 32&4)(
56517 56551 56551 56551 56551 56551 56551 56551 56551 56555;891= 56551
8651: 56528 56528 5652; 5655; 56551 56552 5652=;;;;;; 56552 56557:<5=7 56552
15655= 5658: 5658: 5658: 56558 5655: 56558 5658: 56558;;;;;; 5652 56558;;;;;
1=6<<2 16;57 162<< 16;58 5659: 5659; 56598 16;5= 5659=:::::9 56=:891=2< 5659=::::9
1<6<7= ;658 ;6599 ;6528= 561:< 561<1 5619= ;65857 56197 1657<891=; 56197
! "#$ %!&'!( )*+,-.+/01&!( )*+,-.+/02&!( 31&4)( 32&4)(
56517 56551 5 5 5 5 5 56555;;;;;; 5 5655511<58 5
86512 56522 5652; 5652; 5 56551 56552 56522:::::9 56551 565575<82= 56551
<6<<7 565:8 565:= 565:; 5655; 5655: 56557 565:= 56558:::::9 565227891= 56558::::9
186551 16;;= 16;2: 16;21 5659< 56592 56598 16;29 56598;;;;;; 56=9;<2789 56598;;;;;
1<6<7= ;6552 ;65;8 ;65=7 5617 56177 56259 ;6527;;;;;; 561<1:::::9 165718=9:2 561<1::::9
! "#$ %!&'!( )*+,-.+/01&!( )*+,-.+/02&!( 31&4)( 32&4)(
5651; 56551 56551 56551 5 56551 5 56551 56555;;;;;; 56555;891= 56555;;;;;
86552 56519 56519 5651: 56551 56552 56551 5651::::::9 56551;;;;;; 56558<82;7 56551;;;;;
15651 5658 565=< 56581 5655; 5655; 5655= 5658 5655;;;;;;; 565197891= 5655;;;;;;
1=6<7< 16;9= 16;98 16;:1 56592 56592 5659; 16;9 56592;;;;;; 56=7<27891 56592;;;;;
1<6<7= ;6582 ;65:: ;65=1 56259 56179 561<1 ;658; 561<8 165<5;891= 561<8
$>?>,
01&!( 02&!(
5 5
1761: 1199
01&!( 02&!(
:69; =;=6<
01&!( 02&!(
1265= 99<61
01&!( 02&!(
01&!( 02&!(
2;6:; 18;1
! "#$ %!&'!( )*+,-.+/01&!( )*+,-.+/02&!( 31&4)( 32&4)(
56517 5 5 5 5 5 5 5 5 5
86559 565:7 565:7 565:7 56552 56552 56552 565:7 56552 5651;1:27< 56552
15655: 561;7 561;: 56171 5655= 5655= 5651 561;;<<<<<; 5655=999999 565<9:8297 5655=99999
1:6==1 16877 168<7 168<= 56591 56592 56592 168;8 56591<<<<<; 568<28 56591<<<<;
1=6=71 96:< 96:78 96:<= 565<; 565<; 565<8 96:;1999999 565<<999999 1629=;<1= 565<<99999
! "#$ %!&'!( )*+,-.+/01&!( )*+,-.+/02&!( 31&4)( 32&4)(
56517 5 56551 56551 56552 56551 5 56555<<<<<; 56551 565552971 56551
86512 565<: 565<; 565<9 5651: 56519 56518 565<:<<<<<; 5651: 565295=82: 5651:
156559 561=7 56251 561=< 5658: 5658< 5658< 561=7999999 56588999999 565;579999 5658899999
1:6=71 16;5< 16;51 16<7< 56187 56189 5618: 16<=;<<<<<; 56188 56<5<95=82 56188
1=6=72 96;87 96;71 96;=1 568<1 568:: 568<< 96;;<<<<<<; 5688; 169:775=82 5688;
! "#$ %!&'!( )*+,-.+/01&!( )*+,-.+/02&!( 31&4)( 32&4)(
5651: 5655: 56559 5655: 56551 56551 56551 56559<<<<<; 56551 5655195=82 56551
8655= 56587 56587 56587 5651 56512 56511 56587 56511 56525;1:2= 56511
=6==< 5618= 5618; 56189 56599 56599 56597 5618<999999 5659:<<<<<; 5658879999 5659:<<<<;
1861 16;2: 16;11 16;5: 561:2 561:: 561:1 16;19 561:2999999 56<11;78;1 561:299999
1=6=72 96;5; 96<:7 96<<8 56:97 56:8 56:89 96<;9999999 56::; 16911=5:;< 56::;
! "#$ %!&'!( )*+,-.+/01&!( )*+,-.+/02&!( 31&4)( 32&4)(
56518 56551 5 5 56551 5 56551 56555999999 56555<<<<<; 5655511=58 56555<<<<;
86512 56587 5658< 56588 56557 56557 5655; 5658<999999 5655;<<<<<; 5652511=58 5655;<<<<;
156599 561;9 561<= 561<7 56522 5652: 56522 561; 56522<<<<<; 565<5;1:2= 56522<<<<;
18651: 16;59 16;1< 16;57 56119 5611 56111 16;5= 56111999999 56<1598;1: 5611199999
1=6=7: 96<< 96<< 96<87 569;= 569;7 569;; 96<8=999999 569;7 1695<=5:;< 569;7
! "#$ %!&'!( )*+,-.+/01&!( )*+,-.+/02&!( 31&4)( 32&4)(
56517 5 5 5 5 5 5 5 5 5 5
:6=== 565:; 565:; 565:; 56558 5655< 5655; 565:; 5655< 5651<;78;1 5655<
156557 56178 561;9 561;< 56517 5651= 5651= 561;7 56517<<<<<; 565<98;1:9 56517<<<<;
186511 16<=2 16;52 16<=; 5619; 56197 56197 16<=; 5619;<<<<<; 56<5<5;1:9 5619;<<<<;
1=6=7< 96<=8 96;59 96;5; 56:=1 56:7< 5681 96;51<<<<<; 56:=8<<<<<; 1692252971 56:=8<<<<;
01&!( 02&!(
29692 181:
1;6=7 11<1
01&!( 02&!(
867: 9;7
01&!( 02&!(
1167: ;;26:
01&!( 02&!(
$>?>,
01&!( 02&!(
5 5
  
 
 
Appendix 10 
PVDF Styrofoam 
 
NCE55 & PVC  
 
 
 
 
 
 
 
! "#$ %!&'!( )*+,-.+/01&!( )*+,-.+/02&!( 31&4)( 32&4)(
565117 5 5 5 5 5 5 5 5 5 5
76558 569 5659 5659 5655: 5655: 5655: 562; 5655: 565<7:1;28 5655:
1565=8 5622 56219 56219 5652; 5652; 56527 5621:====== 5652;====== 565::91857 5652;=====
17651: 16<58 16<52 16:87 5611; 5611= 5611; 16<52 5611=99999: 569;=7:1;= 5611=9999:
1868< =6:=8 =6989 =6:=9 56=91 56=9= 56=77 =6:2=99999: 56=7899999: 16=28<<587 56=789999:
! "#$ %!&'!( )*+,-.+/01&!( )*+,-.+/02&!( 31&4)( 32&4)(
5651< 56552 56551 56551 5 5 5 56551====== 5 56555;:918 5
76557 56578 5659 5659= 5655: 5655: 5655: 5659599999: 5655: 565219999: 5655:
156511 5619< 561:1 5619< 5652= 5652; 5652; 56198 5652=99999: 56595=7:1; 5652=9999:
17655= 16:;< 16:;7 16:=7 56158 56112 56158 16:;299999: 5611 56922=<587 5611
1868<2 =6:7: =6:=: =6:;< 56=9= 56=72 56=92 =6:;:====== 56=78 16==<===== 56=78
! "#$ %!&'!( )*+,-.+/01&!( )*+,-.+/02&!( 31&4)( 32&4)(
56518 5655= 5655; 5655; 56551 56551 56552 5655=99999: 56551====== 56551=5872 56551=====
;6889 5659= 56578 56572 5655: 5655: 5655: 5657< 5655: 56525:1;28 5655:
15651 5619 56178 56191 5652= 5652; 5652= 5619 5652======= 5657:1;2<9 5652======
17651< 16:52 1698; 1698 5615; 56157 56157 16987====== 5615;99999: 56957;:918 5615;9999:
1868<; =6:;7 =6:2 =6:5= 56=7 56=;: 56=;7 =6:2299999: 56=;:====== 16=2872=<1 56=;:=====
! "#$ %!&'!( )*+,-.+/01&!( )*+,-.+/02&!( 31&4)( 32&4)(
56518 5655= 56552 5655= 56551 56552 56551 5655299999: 56551====== 56555872=< 56551=====
;68<: 56578 56578 56578 5655: 5655: 5655: 56578 5655: 565215:1;= 5655:
1565= 56191 56192 5619 5652= 5652= 5652= 56191 5652= 5657:7 5652=
17655< 169<< 169<< 169:; 56159 56157 5615; 169<======= 56157 56951185;< 56157
1868<; =6:11 =6:1; =6:1= 56=78 56=7: 56=7: =6:1299999: 56=7:99999: 16=27872=< 56=7:9999:
! "#$ %!&'!( )*+,-.+/01&!( )*+,-.+/02&!( 31&4)( 32&4)(
5651< 56551 5 5 56552 56551 5655= 56555====== 56552 5655511857 56552
7655< 56519 5651< 5651< 56557 5655= 56558 5651:====== 5655799999: 56559185;< 565579999:
156519 56=9: 56=91 56=:; 565;9 56577 565;8 56=9:====== 5657 561=1185;< 5657
176559 26557 16858 26521 5619< 561:: 561:2 168:<====== 561:2====== 56:597;:92 561:2=====
1868:9 26:72 26<;9 26:<9 56=99 56=99 56=98 26:8;99999: 56=9: 5688<5872; 56=9:
01&!( 02&!(
2=618 1759
1<651 11:2
01&!( 02&!(
768; =<=6;
01&!( 02&!(
1168; ::=6=
01&!( 02&!(
$>?>,
01&!( 02&!(
5 5
! "#$ %!&'!( )*+,-.+/01&!( )*+,-.+/02&!( 31&4)( 32&4)(
56517 5 5 5 5 5 5 5 5 5 5
86999 5652: 5652: 5652: 5655; 5655; 5655; 5652: 5655; 56557927:< 5655;
15655; 56571 56572 5657: 5651 5651 5651 56572=====< 5651 56529:2;71 5651
1:651= 16:1 16:1: 16897 56592 5659; 5659; 16:5<=====< 56592=====< 56:;78:2;7 56592====<
1969<7 86=51 86=87 86=1; 56;59 56;58 56;1< 86=25=====< 56;1 16=:52;71 56;1
! "#$ %!&'!( )*+,-.+/01&!( )*+,-.+/02&!( 31&4)( 32&4)(
56519 56551 56551 56551 5655: 5655= 5655; 56551 56558=====< 56555;:<18 56558====<
:6552 56522 56528 56522 5655= 5655< 5655; 56522=====< 5655:;;;;;; 5655759:28 5655:;;;;;
15652= 565=7 565=; 565< 56557 56511 56558 565=< 5655<=====< 5652;927:< 5655<====<
186978 16;=; 16;<9 16;=9 56579 5659= 5659< 16;<5;;;;;; 56598 56879858<= 56598
19697 86:9< 86:28 86=81 56;77 56;7: 56851 86:7<;;;;;; 56;91;;;;;; 16=;7;;;;; 56;91;;;;;
! "#$ %!&'!( )*+,-.+/01&!( )*+,-.+/02&!( 31&4)( 32&4)(
56517 5655; 5655; 56551 5655< 5655= 5655: 56552;;;;;; 5655= 565557;;;; 5655=
:6559 56522 5652 56517 5655: 56551 5655; 5652 5655; 5655<1827= 5655;
156552 565= 565:9 565:7 5655: 5655= 56557 565:9 5655=;;;;;; 565215<18; 5655=;;;;;
1:6512 16:51 16:5= 16879 5659= 5659: 56598 16897=====< 5659: 56:;:2;71 5659:
196972 86;17 86;9 86;7= 56;22 56;29 56;58 86;=8=====< 56;17;;;;;; 16::7759:2 56;17;;;;;
! "#$ %!&'!( )*+,-.+/01&!( )*+,-.+/02&!( 31&4)( 32&4)(
56518 56552 5655< 56552 5655< 5655; 5655: 5655;=====< 5655: 56551;59:2 5655:
8699: 5652 56517 56517 5655; 5655= 5655: 56517=====< 56558=====< 5655=====< 56558====<
15655= 5671 565<7 5657< 5652< 565; 565;8 56;2: 565;5;;;;;; 5611=5<18; 565;5;;;;;
1:6552 16857 16851 16;97 5617; 56177 5617 16852;;;;;; 5617;=====< 56:557;;;; 5617;====<
196972 86:=< 86:8 86=2< 56:=1 56:81 56:2= 86:<7 56:82=====< 16=;: 56:82====<
17617 11<9
01&!( 02&!(
= ;7<67
01&!( 02&!(
12657 <7;61
01&!( 02&!(
$>?>,
01&!( 02&!(
5 5
  
 
 
Appendix 11 
Relative permittivity results 
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Appendix 12 
Coupling 1 
 
Coupling 2 
 
 
 
 
! "#$ %!&'!( )*+,-.+/01&2!( )*+,-.+/03&2!( 41&5)( 43&5)(
67618 671 671 671 671 671 671 671 671 676661 97:;1<9=>6:
37<?; 679 673 673 17< 679 67@ 67399999999 67;@@@@@@@; 6766639999 676663;981
<7?8< 678 37? 97: 97; 378 371 37< 378@@@@@@@; 67663< 6766163981
;76;< :166 :188 :6:9 371 67@ 17: :1197@@@@@; 17< :7119@@@@; 67666:
! "#$ %!&'!( )*+,-.+/01&2!( )*+,-.+/03&2!( 41&5)( 43&5)(
67618 6 6 6 679 671 67: 6 679 6 6766616;1<9
37:6; @73 1;78 1:78 397: 3;7< 9?78 1973@@@@@@; 96739999999 676193@@@; 67616;?;@1?
37??3 1?7; @@7? @?7? 1<978 1<?78 1?78 :371@@@@@@; 16<7<@@@@@; 676:31@@@; 6769;96?:3<
! "#$ %!&'!( )*+,-.+/01&2!( )*+,-.+/03&2!( 41&5)( 43&5)(
6761@ 671 679 67< 673 671 673 673@@@@@@@; 671@@@@@@@; 676663@@@; :7?:398=>6:
37:1< 1?78 ?71 1;78 :;79 ?379 ;978 1:7:@@@@@@; ;<7<@@@@@@; 6761::@@@; 6763@:?:398
9763: 997; :<78 987? 1:378 9?7? 1687@ <37<@@@@@@; 1667<999999 676<3<@@@; 6769:8@?6<8
! "#$ %!&'!( )*+,-.+/01&2!( )*+,-.+/03&2!( 41&5)( 43&5)(
67618 673 67< 679 179 671 6 679 67<@@@@@@@; 676669 676661@@@@;
37:6@ 1973 @79 ;7< 1878 1679 137? 87?@@@@@@@; 1< 67668?@@@; 6766:
9731 8979 8878 1667< 1167< @67? 16;7? ?6789999999 ?976@@@@@@; 676?689999 676993986?:
! "#$ %!&'!( )*+,-.+/01&2!( )*+,-.+/03&2!( 41&5)( 43&5)(
67618 67; 679 6 6 6 671 67999999999 67699999999 6766699999 171?6<8=>6:
37:13 :7? 1 <78 137@ 1878 @78 97? 137;9999999 67669? 6766<:<;@1?
9769; 9373 <:7; <<7: 317? 16178 :@78 <678 @671@@@@@@; 676<68 67631<886?:
97<33 1:67; 1<?78 1937@ <171 :; 8679 1<<79@@@@@; :?7<@@@@@@; 671<<9@@@; 676313986?:
01&2!( 03&2!(
3671< 19:1
01&2!( 03&2!(
1;7<? 11<?
01&2!( 03&2!(
13761 ;867?
$ABA,
01&2!( 03&2!(
6 6
01&2!( 03&2!(
@719 9?:78
! "#$ %!&'!( )*+,-.+/01&2!( )*+,-.+/03&2!( 41&5)( 43&5)(
67618 6 6 6 6 6 6 6 6 6 6
379: 67; 679 67; 6 6 6 67;;;;;;;;; 6 67666;;;;;; 6
<7669 673 67< 871 <7= ;79 179 37:;;;;;;;; ;79=======> 67663:;;;;; 676613;81
>7<1 =79 978 <7= 17> ;7< 973 <7= ;71;;;;;;;; 6766<= 6766111:6<
167663 >;7; =<7; >67> 673 ;7; 679 =:7>======> 17; 676=:>====> 676669=93:
1379: 18<7= 18<7: 18< 679 67; 37; 18<7< 1 6718<< 67666;<>19
197::3 ;187: ;117= ;1;7; 671 3 179 ;197= 171=======> 67;19= 6766691==>
1=7:91 91<78 <>>78 <6=7> 37< 97= 378 <6671 ;7; 67<661 676611>8<>
! "#$ %!&'!( )*+,-.+/01&2!( )*+,-.+/03&2!( 41&5)( 43&5)(
67618 173 67= 671 37< 17> 17; 67=;;;;;;;; 178;;;;;;;; 67666=;;;;; 67666=<9>=
37<19 173 679 678 17= 67< 378 678 17=;;;;;;;; 676668 67666<8;;;
<7663 ;7< 1 67: 378 37< ;7> 178 ; 676618 676616>19;
>7<6; 171 67: 17; =7: >71 1;7: 171 :7; 676611 6766;;319;
167669 <:73 =97> <371 3;87= 3::7: 1;178 <87=======> 33;79;;;;;; 676<8=====> 676>:>:>=3
1379>3 16:7> <;78 :=7; 3<>78 =87> 3<>78 8=7= 1:97>=====> 6768== 676=:<<:<3
1976>9 ;>87: 1867: ;1=7< :97= 1>=7< 1>379 3:371 19>78;;;;;; 673:31 676<3>:>=3
! "#$ %!&'!( )*+,-.+/01&2!( )*+,-.+/03&2!( 41&5)( 43&5)(
6761= 678 671 673 37; 17: 17> 67;=======> 17:=======> 67666;====> 67666>63;8
37<19 67: 67: 17; 67< 67= 679 176;;;;;;;; 67< 676616;;;;; 676661>8<>
<761 67= 67< 179 178 378 17: 678;;;;;;;; 371=======> 676668;;;;; 67666>>;81
>7<63 179 67: 171 373 37; 9 171;;;;;;;; 378;;;;;;;; 676611;;;;; 67661611:
16766= 978 <79 =79 171 379 <79 <7<;;;;;;;; 37:=======> 6766<<;;;;; 676616<:<3
137988 9=87> =9973 ;9<78 3>978 <<=78 <9:73 98=73;;;;;; 9=673=====> 6798=3;;;;; 671=9;86:<
1;7::= <;978 36178 ;637< ;1178 ;=:7< ;1=7< ;9=7;=====> ;;37= 67;9=;====> 67118>8<>1
! "#$ %!&'!( )*+,-.+/01&2!( )*+,-.+/03&2!( 41&5)( 43&5)(
67618 673 671 67; 67= 679 67> 673 67<=======> 676663 67666363;8
379:3 679 67; 67> 67; 67; 673 679=======> 673=======> 676669====> :7<3;8?@6<
<761= 179 17< 17> 171 173 67> 17<;;;;;;;; 1 67661<;;;;; 67666;<>19
>79:; 3 ;71 379 171 17: 371 37< 17> 67663< 67666=6>19
:7::: ;71 ;78 ; 67: 67< 17= ;7; 1 6766;; 67666;<>19
1379:: 1><7= 1>678 1>67> <37= :;79 1173 1>37;=====> <379 671>3;====> 67618>193:
197<19 ;9678 1>97; ;1<79 1<37= 13>78 867< 3>=78;;;;;; 1367; 673>=8;;;;; 67693:=93:
! "#$ %!&'!( )*+,-.+/01&2!( )*+,-.+/03&2!( 41&5)( 43&5)(
67619 6 6 671 671 1 67; 676;;;;;;;; 679=======> ;7;;;;;?@6< 676661===>
37<1< 679 67< 67; 67= 678 673 679 67<;;;;;;;; 676669 676661:698
<763< 173 179 171 <73 17= 1 173;;;;;;;; 37= 676613;;;;; 67666:38<>
>79:> <;7: ;;7< 837= 9=7= 1=73 917: <=7=======> ;97: 676<======> 676139=93:
1676=3 37: 378 978 378 671 373 ;7< 17> 6766;< 67666=6>19
137<13 19;7> 1<178 36978 9:78 ::78 :;7= 1==7>=====> 8176======> 671==>====> 67638:<3;8
197<68 1=;7> 1=<78 1<978 1867: <: 16>78 1=179;;;;;; 11<7: 671=19;;;;; 67691;:38=
<7::> ;887<
01&2!( 03&2!(
$ABA,
01&2!( 03&2!(
6 6
$ABA,
$ABA,
01&2!( 03&2!(
1178< >><7;
$ABA,
01&2!( 03&2!(
1>7= 119:
$ABA,
01&2!( 03&2!(
3671< 1;18
  
 
 
Appendix 13 
Coupling 3 
 
Coupling 4 
 
 
! "#$ %!&'!( )*+,-.+/01&2!( )*+,-.+/03&2!( 41&5)( 43&5)(
67618 6 6 6 6 6 6 6 6 6 6
37861 6 6 6 671 671 671 6 671 6 978:1;9<=68
;7>> 678 17? 67: 917? 9973 1>73 1 3?76@@@@@@: 67661 67616639?1
:781 @>166 @>366 @>866 1?7? 1@7: 1>7? @>3@@7@@@@: 1?7;9999999 @>73@@@@@: 6766@8?9999
?78; 1>6;66 1?@866 1>:?66 3@;7: 39>7? 1>67? 1>18@@7@@@: 3917:@@@@@: 1>178@@@@: 676?3::9?1
! "#$ %!&'!( )*+,-.+/01&2!( )*+,-.+/03&2!( 41&5)( 43&5)(
67618 6 6 6 679 173 673 6 678@@@@@@@: 6 676663639?1
37869 67? 673 67; 1967@ ?97> 16;7: 67;@@@@@@@: 16@7; 67666;@@@: 6769?
97611 67@ 1 678 8;7@ ;678 8;71 67: ;>7:9999999 67666: 6761::@1>68
97;?9 @873 ?:7> :>7: 91:7: ;8971 3>17> ::7@ 98;73999999 676::@ 6713@811>68
! "#$ %!&'!( )*+,-.+/01&2!( )*+,-.+/03&2!( 41&5)( 43&5)(
67618 6 6 6 671 6 6 6 67699999999 6 171>6;?<=68
37;>3 671 671 6 37: 371 37; 676@@@@@@@: 37; @7@@@:<=68 67666?8:1;9
9763; 1;79 187; 1? 96;78 16879 1817? 187> 1?:73 67618> 676@@?8:1;9
97888 897> >87? 16;73 @98 9>1 8@? ?;7@9999999 89179999999 676?;@9999 671?>:@1>68
! "#$ %!&'!( )*+,-.+/01&2!( )*+,-.+/03&2!( 41&5)( 43&5)(
6761? 6 6 6 671 6 6 6 67699999999 6 171>6;?<=68
3783@ 673 67; 673 678 37? 17: 673@@@@@@@: 17@@@@@@@@: 676663@@@: 676668>839?
9766; ;7? 137> 167; 16;7? 1??7> 3917@ >79@@@@@@@: 1:871 6766>9@@@: 676@3898:1;
97838 13;7? 18871 1@87: >18 811 @8: 1;?78999999 @>;79999999 671;?89999 673;:>:@1>
! "#$ %!&'!( )*+,-.+/01&2!( )*+,-.+/03&2!( 41&5)( 43&5)(
6761? 6 6 6 6 6 6 6 6 6 6
37899 671 671 6 679 67@ 678 676@@@@@@@: 67;@@@@@@@: @7@@@:<=68 676661@@@@:
37>@@ 97; ;7? 1679 ::7? 1897? 1;87? @71@@@@@@@: 1387? 6766@1@@@: 676;;>3?8:1
97;8; ?;7> :97@ @678 89@7: @8;7: 8>?79 :9 8>@78@@@@@: 676:9 6731968>83;
97?@; 3187; 1>>7? 3987@ ?3379 :::7; ?68 31@7>999999 ?6178@@@@@: 6731@>9999 673?@3:9?1
$ABA,
$ABA,
01&2!( 03&2!(
6 6
1@7;3 16:;
01&2!( 03&2!(
87>1 9??7@
$ABA,
01&2!( 03&2!(
1373 :>:7?
$ABA,
01&2!( 03&2!(
$ABA,
01&2!( 03&2!(
1>7> 196?
! "#$ %!&'!( )*+,-.+/01&2!( )*+,-.+/03&2!( 41&5)( 43&5)(
67618 6 6 6 6 6 6 6 6 6 6
379: 671 673 67: 6 6 6 673 6 676663 6
97688 ;71 97; <79 17; 17= 67< ;78 178 6766;8 676669
<79 167; 11 1378 67: 67> 679 117:::::::: 679:::::::: 67611::::: 676661=68<;
16761; 1979 1:78 187> 37: :71 679 1879;;;;;;< 17=;;;;;;;< 676189;;;< 67666<63:>1
13791; >17; <>7= >371 679 67: 673 >67>;;;;;;< 67::::::::: 676>6>;;;< 6766611=68>
187==3 1>:7< 1>;79 1=:7< 673 679 67: 1><7=;;;;;< 67::::::::: 671><=;;;< 6766611=68>
1<79 :8>7; :9;7> :8<78 8:71 8378 817> :967=:::::: 8378::::::: 67:96=:::: 67619198<;3
1=7=>3 9:;7< 9:>78 93>7< <37> <679 ;=7> 9:87; <176::::::: 679:8; 67639:;=68>
! "#$ %!&'!( )*+,-.+/01&2!( )*+,-.+/03&2!( 41&5)( 43&5)(
6761< 37> 17; 378 67< 673 67; 373;;;;;;;< 679 676633;;;< 676661<>9<1
378== 37< 37: 67= 679 67: 679 17=;;;;;;;< 678:::::::: 67661=;;;< 67666198<;3
9763; 87> 87: 378 3 171 17> :7>:::::::: 17;:::::::: 6766:>:::: 676669>::::
<78<< 971 873 67= 178 37; :73 :78 378 6766:8 67666>9<18:
1676=< 879 ;7: :78 3>7> >7: 367> 87<:::::::: 1=7: 67668<:::: 6766;>=3>9<
13789; 187; 3>7; 817: 397: 1=7: 8>79 3>71;;;;;;< :176::::::: 6763>1;;;< 676116>::::
1976:9 :8=6 :636 :8>1 8:7> 987: ;=7: :::67:::::: 997> :7::6::::: 6761==3>9<1
! "#$ %!&'!( )*+,-.+/01&2!( )*+,-.+/03&2!( 41&5)( 43&5)(
6761; 67> 67; 67; 673 671 671 67;;;;;;;;< 671:::::::: 67666;;;;< 87<;1=?@69
378= 67= 67> 67= 671 673 67: 67>;;;;;;;< 673 67666>;;;< <7183>;?@69
97661 67= 17; 173 671 67: 678 173:::::::: 673;;;;;;;< 676613:::: =793:>1?@69
<796: 67> 17; 179 67; 673 67; 17: 678;;;;;;;< 67661: 676661;;;;<
167669 17: 67; : 67; 67> 67< 17;:::::::: 67< 67661;:::: 6766639
13796> >7< ;7> 97> 1>7; 1:73 3873 <71 1>7;;;;;;;< 6766<1 6766;;;;;;<
18798 8:<7> 9617> :>871 :97= :9 3679 88173:::::: :678;;;;;;< 678813:::: 67616>>6=93
! "#$ %!&'!( )*+,-.+/01&2!( )*+,-.+/03&2!( 41&5)( 43&5)(
67619 67: 671 673 671 671 6 673 676;;;;;;;< 676663 37:>6=9?@69
3796> 678 673 671 671 671 671 673:::::::: 671 676663:::: :79<18:?@69
97619 678 673 67; 671 673 671 678 671:::::::: 676668 87<;1=?@69
<799 67< 67; 67< 671 673 673 67;;;;;;;;< 671;;;;;;;< 67666;;;;< 97=93:>?@69
167613 678 67= 67< 673 :71 673 67;;;;;;;;< 171;;;;;;;< 67666;;;;< 6766681;;;<
1379 >:7< 1167; >=7= =7< 187< 1;73 =87<::::::: 1:79::::::: 676=8<:::: 67668>:::::
18781: 16:7> 16<7; 18<73 1171 1:7; 367: 11=79:::::: 19 6711=9:::: 67669:9<18:
! "#$ %!&'!( )*+,-.+/01&2!( )*+,-.+/03&2!( 41&5)( 43&5)(
6761> 678 673 673 6 671 6 673;;;;;;;< 676:::::::: 676663;;;< 171=68>?@69
37963 678 67: 679 671 671 671 678 671 676668 :79<18:?@69
9761< 678 67; 679 671 6 671 679 676;;;;;;;< 676669 37:>6=9?@69
<791: 67; 67: 67; 671 6 671 679 676;;;;;;;< 676669 37:>6=9?@69
1676:8 67; 67; 17: 671 671 671 67>:::::::: 671 67666>:::: :79<18:?@69
13789= 37< 973 879 167; 1178 37; 871:::::::: >73 676681:::: 67663=3>9<1
187<=3 :;3< 16=73 :13; 187< :;7> 1=7= 33><78 3:7> 373><8 6766>9
$ABA,
01&2!( 03&2!(
6 6
$ABA,
01&2!( 03&2!(
;76: :>>7<
$ABA,
01&2!( 03&2!(
117=1 <>379
$ABA,
01&2!( 03&2!(
1<79: 1189
$ABA,
01&2!( 03&2!(
3671= 1:3<
  
 
 
Appendix 14 
Coupling 5 
 
Coupling 6 
 
 
 
 
 
! "#$ %!&'!( )*+,-.+/01&2!( )*+,-.+/03&2!( 41&5)( 43&5)(
67618 6 6 6 671 671 671 6 671 6 97:;1<9=>6:
37<?8 6 6 6 178 17; 17; 6 17;99999999 6 67666@1?6<8
:766@ 371 37< 97@ 9873 1?7< 9;78 37; 9178 67663; 676119:;1<9
;7<? <9316 <96:6 <9186 1671 ?7? 33 <91<@7@@@@; 1< <971<@@@@@; 6766:
;781< @:?66 @:866 @:?66 @:7? 1@673 ?378 @:8@@7@@@@; 16@79 @:78@@@@@@; 6769;?@<38@
! "#$ %!&'!( )*+,-.+/01&2!( )*+,-.+/03&2!( 41&5)( 43&5)(
67611 671 6 6 6 67< 673 67699999999 673 9799999=>6: ;71<38@=>6:
37:1: 679 671 67@ 1?73 971 117: 67999999999 1173@@@@@@; 67666999999 6766<63981
9769 117; 178 37< 8:7: @?78 397? :79 :?7;9999999 6766:9 67631999999
97998 3673 197? 3171 <671 1897? 1817? 187< 19:79 67618< 676<8931<3?
! "#$ %!&'!( )*+,-.+/01&2!( )*+,-.+/03&2!( 41&5)( 43&5)(
67618 6 6 6 6 6 671 6 67699999999 6 171?6<8=>6:
37:18 671 6 671 337; 67; 178 676@@@@@@@; 87< @7@@@@;=>6: 67669
37??< 679 673 67; 678 987? 13673 67< :979 67666< 6761?69:;1<
97:13 9173 3?73 987: :3:7@ <1178 9?<78 937?@@@@@@; <<<76@@@@@; 67693?@@@@; 671:8:?:398
! "#$ %!&'!( )*+,-.+/01&2!( )*+,-.+/03&2!( 41&5)( 43&5)(
6761: 6 6 6 6 6 6 6 6 6 6
37:63 671 671 671 67: 671 171 671 67:@@@@@@@; 676661 67666363981
37?83 679 117? 971 117; <87@ ??7< :71 :9739999999 6766:1 6761?611?6:
97<;9 @67< 3:73 3679 <867: <3:7; @6<7? 9:79 :697; 6769:9 671;?8?38:;
9783? ;@73 ?173 11673 @1978 :?;78 ;?<7: ?37:9999999 @@87; 676?3:99999 67398831<3?
! "#$ %!&'!( )*+,-.+/01&2!( )*+,-.+/03&2!( 41&5)( 43&5)(
6761? 6 6 6 671 6 6 6 67699999999 6 171?6<8=>6:
37<;9 671 671 671 67; 67< 67: 671 67:99999999 676661 676661?6<;@
9769< 671 671 671 937? 3;73 <673 671 997<9999999 676661 67611?<6<;@
97:9; 1?7< <179 :@78 :6:7@ ::;78 <117@ 9?71@@@@@@; <?17@@@@@@; 6769?1@@@@; 671;::?:398
97?@; 1;?78 3@17: 1:@78 19:? ?8;7: 86871 1??79@@@@@; 16:17:99999 671??9@@@@; 679;::<;@1?
$ABA,
$ABA,
01&2!( 03&2!(
6 6
1;7< 119<
01&2!( 03&2!(
@71 9??79
$ABA,
01&2!( 03&2!(
117@: ;:873
$ABA,
01&2!( 03&2!(
$ABA,
01&2!( 03&2!(
36 1916
! "#$ %!&'!( )*+,-.+/01&2!( )*+,-.+/03&2!( 41&5)( 43&5)(
67631 6 6 6 6 6 6 6 6 6 6
37869 6 6 6 17: 178 178 6 17:;;;;;;;< 6 6766683=>1
379>> 6 6 6 179 371 179 6 179;;;;;;;< 6 67666<63=>1
=7:>> 679 17= 67> 3378 3= 19 1 3178 67661 6766<;<>8<1
=799: 178 378 37= 13 1378 1679 371 117> 676631 6766:31:3>;
:781= 37; 17< =7: 3378 8=73 197: 378;;;;;;;< =17< 676638;;;< 67611=31:39
87689 173 37= 67: 1173 1673 1;7: 17= 137; 67661= 6766:8
<781: :83=6 :8;16 :81>6 3673 3371 1;7< :8=:6 197;;;;;;;< :87=: 6766<63=>1
>7:<; 139666 1=6<66 1=1<66 1:7; =73 37= 1=6:;;7;;;< ;7< 1=67:;;;;< 67663=93>8<
! "#$ %!&'!( )*+,-.+/01&2!( )*+,-.+/03&2!( 41&5)( 43&5)(
6761; 6 671 6 673 67: 673 676======== 673;;;;;;;< =7====?@68 9783=>1?@68
37861 67; 671 678 =78 <7; 973 67: ;7<;;;;;;;< 67666: 67663:1;;;<
=76;> 678 679 173 ;17; 887: :17> 67>;;;;;;;< 8379======= 67666>;;;< 6761>96:<;3
=7:6> :37; 3678 =671 3=;7> 39671 3;=7: =176;;;;;;< 3;=7:====== 676=16;;;< 6769:6>====
! "#$ %!&'!( )*+,-.+/01&2!( )*+,-.+/03&2!( 41&5)( 43&5)(
6761> 6 6 6 671 6 671 6 676;;;;;;;< 6 37=>698?@68
3786; 671 6 671 378 37: 37= 676;;;;;;;< 37: ;7;;;<?@68 67666>8<1:=
=7619 67; 671 671 =7> 167; =7> 673;;;;;;;< ;76;;;;;;;< 676663;;;< 676631;;;;<
=7:9: >17> :<7; <37= =9>71 ::<78 :<67> ;<73======= :=>7> 676;<3==== 6718;<1:3>;
=793: 13>7; 1><79 1>67< ;8=78 ;637: 83;7< 1;87<====== 89:73 671;8<==== 6731331:3>;
! "#$ %!&'!( )*+,-.+/01&2!( )*+,-.+/03&2!( 41&5)( 43&5)(
67618 6 6 6 671 671 671 6 671 6 =78<1:=?@68
378=9 671 671 673 17= 17= 17: 671======== 17========= 676661==== 67666:<;19
=766= 17< ;7; 171 1<7< :71 3>7> =71======== 1;7>;;;;;;< 6766=1==== 6766;63=>1
=7<>3 16673 >87< 1637= ;187: 1318 96>7< 9;76;;;;;;< 91=76====== 6769;6;;;< 67=3;6>====
! "#$ %!&'!( )*+,-.+/01&2!( )*+,-.+/03&2!( 41&5)( 43&5)(
67618 6 6 6 6 6 671 6 676======== 6 17196:>?@68
37:91 671 671 671 67; 671 67: 671 67=;;;;;;;< 676661 676661=6983
=763 1<7; 1671 178 178 13379 1<71 97<======== :<71;;;;;;< 67669<==== 6761;>:83=>
=7>;8 1:378 16;73 ><73 9:1 <>8 963 11179;;;;;< ><; 671119;;;< 67=13>8<1:=
$ABA,
01&2!( 03&2!(
6 6
01&2!( 03&2!(
8799 =>97:
36718 1=33
01&2!( 03&2!(
13713 <>97:
01&2!( 03&2!(
1;7: 16<8
01&2!( 03&2!(
  
 
 
Appendix 15 
Coupling 7 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
! "#$ %!&'!( )*+,-.+/01&2!( )*+,-.+/03&2!( 41&5)( 43&5)(
67618 6 6 6 6 6 6 6 6 6 6
37868 6 6 6 671 671 671 6 671 6 978:1;9<=68
;7>?1 178 379 373 67? 67@ 171 3 67?99999999 67663 676663>:@1>
:7819 17> 37; 373 67? 1 67? 371@@@@@@@: 67?@@@@@@@: 676631@@@: 6766696>83;
16766@ ?7@ 87: ?78 171 67> 1 :7@ 1 6766:@ 6766698:1;9
13783 13>7> 13>7? 19;7: 171 371 178 1917;@@@@@: 178@@@@@@@: 67191;@@@: 6766688>83;
18768? 3:97; 3;978 3@@7: @7? @7: 879 3@173 @73@@@@@@@: 673@13 6766339?6>8
1:78;: ;117: ;3@7? ;9378 1673 11 137; ;397@@@@@@: 1173 67;39@@@@: 6766;
1>766? 86@7? 86:7; ;>37? 1?7> 1379 1@78 86379999999 187> 6786399999 67668@:?8:1
! "#$ %!&'!( )*+,-.+/01&2!( )*+,-.+/03&2!( 41&5)( 43&5)(
67618 671 671 6 6 671 673 676@@@@@@@: 671 @7@@@:<=68 978:1;9<=68
37;>3 178 673 379 673 67> 67: 17999999999 67@ 6766199999 6766631;3?@
8763@ 873 ;7: 97: 17; 171 173 ;7899999999 17399999999 6766;89999 67666;;6;:@
:781@ 871 8 87@ 67? 67> 178 87399999999 176@@@@@@@: 6766839999 676669?6>83
167@61 8178 3:7> 8?7? 1171 ?78 1>79 ;@76@@@@@@: 137>@@@@@@: 676;@6@@@: 6766;@96>83
13788@ 99>7? ;9879 9@;7: 8?7@ ;:7? 8673 9:>7>999999 8373 679:>>9999 6761?@;3?8:
1;7833 @366 ?166 @>96 1367@ 16?7@ 1997? :6:@7@@@@@: 131 :76:@@@@@: 676;931;3?@
! "#$ %!&'!( )*+,-.+/01&2!( )*+,-.+/03&2!( 41&5)( 43&5)(
6761? 6 6 6 671 671 673 6 67199999999 6 ;7:@1><=68
37891 671 673 679 671 679 673 673 673 676663 :71;3?@<=68
;7>>9 67@ 67? 67: 673 67; 679 67: 679 67666: 6766616:1;9
:7;>3 67@ 173 67> 67; 678 673 67> 679@@@@@@@: 67666> 67666196>83
1676;> 8>7? ?97@ 8378 1973 187; 1173 @879 1973@@@@@@: 676@89 6766;:9?6>8
137;:3 >97: ?17> ??7> 3>7@ 1@7> 1?7; ??71@@@@@@: 317@9999999 676??1@@@: 6766::3@1>
1;7689 88?7@ 8837> ;@@7: @171 1367: @>7> 83@76@@@@@: ?97> 6783@6@@@: 6763>>@;3?@
! "#$ %!&'!( )*+,-.+/01&2!( )*+,-.+/03&2!( 41&5)( 43&5)(
6761; 6 6 6 671 671 671 6 671 6 978:1;9<=68
3781: 671 671 6 671 673 673 676@@@@@@@: 671@@@@@@@: @7@@@:<=68 87>839?<=68
;7>8> 673 679 673 673 6 671 67399999999 671 6766639999 978:1;9<=68
:7839 67@ 679 679 673 671 673 67; 671@@@@@@@: 67666; 87>839?<=68
1671;? @7@ 1679 171 6 671 679 @ 67199999999 6766@ ;7:@1><=68
1378>; 11871 13971 1;17: 3671 917? 1:73 13@7@999999 39769999999 6713@@9999 6766?33@1>
1;76:? 39;71 3;;78 3;?73 :173 >@73 ?178 3;373@@@@@: ?37>@@@@@@: 673;33@@@: 6763>@96>83
! "#$ %!&'!( )*+,-.+/01&2!( )*+,-.+/03&2!( 41&5)( 43&5)(
67618 6 671 6 6 6 671 67699999999 67699999999 979999<=68 171>6;?<=68
37;@? 671 6 671 6 671 671 676@@@@@@@: 676@@@@@@@: @7@@@:<=68 379?6>8<=68
8761; 673 67; 679 673 673 6 679 67199999999 676669 ;7:@1><=68
:789 67: 671 67@ 6 6 671 67;@@@@@@@: 67699999999 67666;@@@: 171>6;?<=68
1676>8 679 67@ 67@ 678 679 671 678 679 676668 6766616:1;9
137@63 37? 379 37> 673 67; 671 37@@@@@@@@: 67399999999 67663@@@@: ?799999<=68
1;76>1 3137@ 36879 3937; @:7: :371 :97@ 31@7:@@@@@: :1719999999 6731@:@@@: 67638;6;:@3
$ABA,
01&2!( 03&2!(
6 6
$ABA,
01&2!( 03&2!(
@7618 9?>7@
$ABA,
01&2!( 03&2!(
117:9 :@@7>
$ABA,
01&2!( 03&2!(
1@7;? 16:?
$ABA,
01&2!( 03&2!(
3676? 191:
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
